Abstract. Differences in spectral reflectance properties (0.3-26 •tm) of a suite of metal hydroxides (gibbsite, bohmite, diaspore, goethite, and manganite) have been found to be a function of both structural and compositional differences between these minerals. The properties of the O-H stretching fundamental bands in particular can be used to identify the presence of these minerals and to discriminate isostructural and heteromorphous species. This is due to the fact that the O-H stretching fundamental bands are very intense in these minerals and occur at longer wavelengths than those of other minerals, and also due to the fact that these metal hydroxides lack strong absorption bands at shorter wavelengths. In the case of dimorphous minerals such as bohmite (¾-A10(OH)) and diaspore (tx-A10(OH)), differences in the wavelength positions of O-H stretching fundamental bands can be of the order of 0.1-0.3 [tm. Reflectance spectra of metal hydroxide-beating "ores" (bauxites) and impure samples indicate that accessory phases, in particular iron-beating minerals, have a more pronounced effect on spectral reflectance toward shorter wavelengths. Intimate mixtures of diaspore + orthopyroxene indicate that diaspore abundances as low as 5 wt % (or less) can be detected by the appearance of characteristic absorption bands at 3.33 and 3.41 •tm. This finding has particular relevance to the study of near-infrared spectra of Mars, in that the conditions which favor diaspore formation on the Earth may have also been prevalent early in Mars' history. If diaspore did form on Mars in the past, it is likely to have persisted to the present.
Introduction
Metal hydroxides are common constituents on the Earth's surface [e.g., Deer et al., 1962]. They are of economic importance as major sources of metal (e.g., A1), as well as being useful indicators of metamorphic/hydrothermal conditions [Bdrdossy, 1982; Patterson et al., 1986] . The reasons for undertaking a study of the spectral properties of aluminum-and other common metal-bearing hydroxides includes their economic importance and hence the possibility of detecting and discriminating terrestrial deposits using optical or infrared remote sensing [e.g., Crowley, 1984] .
In addition, the relationship of these minerals to aqueous weathering environments on the Earth [e.g., Valeton, 1972; Bcirdossy, 1982 ; Bdrdossy and Aleva, 1990; Cornell and Schwertmann, 1997], coupled with the widespread but indirect (geomorphological) evidence /br wetter conditions prevailing on Mars in its past [e.g., Pollack et al., 1987; Squyres and Kasting, 1994; Cart, 1996] , suggest that these minerals may have formed on the surface of Mars in the past and may Sawnpie preparation in all cases involved hand picking of a purified tYaction (where possible), crushing of the samples in an alumina mortar and pestle, and dry sieving to obtain <45 and 45-90 lam size tYactions. hi four cases, OOH008, 009, 012, and 013, <5 lam fractions were obtained by wet sieving the <45 lam fraction with acetone (after the <45 lam size fraction had been spectrally characterized).
In order to determine the relationship between the spectral and compositional properties of the samples, and to understand the possible spectral interferences due to accessory phases, <45 lam sized splits of the samples were characterized by X ray diffraction, differential scanning calorimetry, thermogravimetry, and infrared transmission spectroscopy by Alcan International Limited. These data served to ascertain the abundance and nature of the hydroxide phase(s) present in the samples as well as for determination of OH content. The X ray diffraction data were acquired with a Scintag XDS-2000; operating conditions were a Cu K0• radiation source at 45 kV and 40 mA, with the sample placed in vertical sample holder. Differential scanning calorimetry and thermogravimetry were performed using a DuPont Model 2100 Thermal Analyzerø For differential scanning calorimetry the stunpies were placed in aluminum pans with perforated lids and heated at 20øC/min. For thermogravimetry the samples were placed in platinum pans and heated at 20øC/min with an airflow of 40 mL/min. The intYared transmission spectra were measured using a Bomem MB-100 instrmnent. The mineral samples were ground with K_Br (-1% sample/KBr) and formed into 13 mm diameter pellets under a pressure of 10 tons. Additional information on the analytical instrumentation is given by A uthier-Martin et al. [ 1999] .
Elemental abundances were determined using inductively coupled plasma atomic emission spectroscopy (ICP-AES) by Alcan International Limited (Table 1) . The samples were fused in molten KOH and diluted in acid for ICP-AES analysis after loss on ignition determinations. Mineral abundances in the samples (Table 2) were determined from a combination of ICP-AES, X-ray diffraction (XRD), thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC) data, whereby elemental abundances and known phases were combined in an integrated analysis to constrain mineral abundances [Authier-Martin et al., 1999] . Samples OOH001 and OOH002 were found to be composed predominantly of gibbsite; the presence of other phases is apparent from the relatively high abundances of additional elements such as Si, Ti, and Fe, the low elemental totals, the differences in volatile loss on ignition between the actual and calculated values, mid XRD results. OOH003 is nearly pure goethite although the presence of a minor amount of hematite (<1%) and silicates is indicated. OOH004 is predominantly gibbsite although the overall elemental abundance is lower than expected. OOH005 is mainly bOhmite with significant amounts of clay minerals (mostly kaolinite) and hematite. The intimate association of these phases in the sample precluded preparation of a higher purity separate. OOH006 is nearly pure manganite; no other phases are indicated by XRD. The volatile loss on ignition run did not allow for complete characterization of the total volatile content, however. On the assumption of pure manganite, the elemental total is close to 100%. OOH007 is a diaspore-rich sample containing abundant pyrophyllite which accounts for the high Si content and low overall elemental total. OOH008, 009, and 010 are all diaspore-rich "ores" composed predominantly of diaspore (Table 2) . Samples OOH011, 012, and 013 were found to be essentially pure (>99%) diaspore. Reflectance spectra of the samples (<45 and 45-90 lam size fractions) were measured at the NASA-supported Reflectance Experiment Laboratory (RELAB) spectrometer facility at Brown University [Reflectance Experiment Laboratory (RE, B), 1996]. The spectra were measured by two instruments: the shorter wavelength spectra (0.3-2.5 •tm) were measured using the UV-vis-near-infrared bidirectional spectrometer [Pieters, 1983] relative to halon at i=30 ø, e=0 ø, and 5 nm resolution. The 2.5-25 •tm spectra were measured using the Nicolet 740 Fourier transform infrared spectrometer relative to brushed gold at i=30 ø, e=30 ø and spectral resolution decreasing from 0.6 nm at 2.5 •tm to 129 nm at 25 lam. The spectra were merged at 2.5 [tm. See Pieters [ 1983] and Reflectance Experiment Laboratory (RE, B) [1996] for details on the instrumentation and data acquisition procedures. The RELAB spectra were measured in air while the Nicolet spectra were •neasured in a dry nitrogen atmosphere.
Wavelength positions of absorption band minima in the RELAB spectra were determined by fitting a third-order polynomial to between 10 and 20 data points on either side of a visually determined (approxi-•nate) band minimum. Varying the number of data points used in the fitting caused band positions to vary by generally less than 5 nm. In stone cases, the absorption bands were not clearly resolvable due to overlaps from adjacent absorption bands or excessive noise in the data.
In these cases, band positions are approximate and are indicated as such in the ensuing discussion. Wavelength positions of absorption bands in the spectra of other investigators were either measured off the published spectra or provided in the accompanying articles. In these cases absorption band positions may be less accurate than for the RELAB spectra. No continumn reinoval was applied because of the diversity of spectral shapes and uncertainties in how best to construct a physically •neaningful continuum.
Spectral-Compositional Relationships

Gibbsire (0•-AI(OH)3)
Gibbsire is the predominant phase in samples OOH001,002, and 004 (Table 1) The bands in the 2.7-3.0 •tm region are attributable to the gibbsire as well as the accessory phases that are present. The five strongest bands (near 2.76, 2.83, 2.88, 2.94, and 2.96 lam) are similar to those seen in transmission spectra of natural and synthetic gibbsite measured by other investigators and are all apparently attributable to O-H stretching fundamentals (Table 3 ). The multiplicity of bands is due to the fact that a nmnber of distinct O-H bonding distances exist in gibbsite [Rouquerol et al., 1970; Ryskin, 1974] . The nmnber and relative intensity of the bands varies from sample to sample; these variations are probably due to a combination of structural differences between smnples and differences in spectral resolution and quality of the published spectra. The transmission spectra are generally similar to the reflectance spectra, although slight differences in positions of the absorption bands are present (Table 3 ). In almost all cases, the transmission and reflectance spectra of the same sample exhibit the stone number of resolvable absorption features. At shorter wavelengths the gibbsite spectra exhibit at least two bands near 2.27 and 2.36 pm. These bands are probably due to a co•nbination of the AI-O-H stretching and O-H stretching fundamentals (Table 3) At wavelengths shortward of 1.3 pm, pure gibbsite is relatively featureless. The lower overall reflectance below 2 pm and the reflectance decrease below 4).6 pm are most prominent in the sample with the highest iron content (OOH002). These spectral characteristics are ascribed to iron oxide/hydroxide phases which impart an overall red color to the sample and are intimately associated with the gibbsite. These effects are also seen, to a lesser extent, in the OOH001 spectrum.
BShmite (¾-AIO(OH))
B6hmite is compositionally identical to diaspore. Structurally, it consists of double sheets of oxygen octahedra with aluminum at their centers. The sheets are composed of chains of octahedra which share edges or comers, depending on direction. Corner-shared oxygen atoms are hydrogen bonded to two similar oxygens in a neighboring sheet. This differs from diaspore where every oxygen atom is hydrogen bonded, and in the nature of the packing of the oxygen ato•ns [Deer et al., 1962] .
The spectral properties ofb6hmite have been studied by a number of investigators in the mid-and far-infrared (see references in Table 4 ). B6hmite invariably exhibits two absorption bands near 3.03 and 3.23 Iron due to O-H stretching fundamentals (Table 4) . While the data suggest that there is little variation in band positions, some investigators suggest that these bands may shift to longer wavelengths with increasing degree of crystallinity [dbmis et al., 1973] . As in the case of diaspore, the bridging hydrogen atoms between the layers are not symmetrically positioned between the bridged oxygens. This leads to two O-H stretching fundamentals with different energies [Kolesova and Ryskin, 1962; Rouquerol et al., 1970; Ryskin, 1974] . The intensity and distinctive nature of these bands is apparent in Figure 2 for stunpie OOH005. The bands in the 2.7-2.8 lam region are attributable to the other phases present in this sample, as evidenced by the presence of additional elements such as Si and Fe and a higher than expected loss on ignition ( amount of accessory phases in the sample, these features cannot be uniquely attributed to b6hmite. The best evidence for lower wavelength cmnbination and overtone bands are the series of weak bands in the 2.3 [tm region; some of these may be attributable to combinations of the O-H bending and stretching fundamentals. The influence of hematite on the spectrum at shorter wavelengths is also apparent 
Diaspore (0t-AIO(OH))
The focus of this study is the diaspores, and hence their spectra will be discussed in greater detail. The structure of diaspore consists of distorted oxygen octahedra (with aluminum at their centers) which are joined at the edges to form a double chain. Unlike gibbsite, all of the octahedra are occupied by aluminum atoms. These chains are interconnected by shared octahedron corners to form a three-dimensional frmnework. Hydrogen atoms connect oxygen atoms on adjacent chains. The hydrogen atmns do not lie in a direct line between these oxygen atmns and are •nore closely bonded to one of the two oxygen atoms. The hydrogen-oxygen distances are also shorter than those in the other almninum hydroxides [Kolesova and Ryskin, 1962 The spectra exhibit a well-defined absorption feature near 1.8 pm, close to the 1.9 pm water band of hydrated minerals. It appears to • R --reflectance spectral data; T = transmission spectral data. Schwarzmann, 1962; Ryskin, 1974] . These two bands are invariably present in transmission spectra but are not always apparent in reflectance spectra of the diaspore-rich samples. This is attributed to the fact that absorption bands are invariably wider in reflectance spectra mid that the intense nature of these bands results in low overall reflectance in the wavelength region of interest. The double band structure in this region is more apparent in the transmission spectra ( With decreasing temperature (from 300 K to 100 K) the O-H stretching bands move to shorter wavelengths [Ryskin, 1974] . In trm•smission, these bands shift from 3.345 and 3.422 lam at 300 K to 3.330 and 3.413 lam at 100 K. This shift may be used to account for small differences in band positions between room temperature laboratory spectra and spectra of extraterrestrial targets such as Mars. The presence of iron, which can partially substitute for aluminum, also affects the longer wavelength bands of diaspore (>8 pm); the corresponding effi:ct on the shorter wavelength bands is unknown [Caillbre and Pobeguin, 1966] .
The spectra of the diaspore-rich samples (OOH007-010; Figure 4 ) display many of the features found in the pure diaspore sample spectra. The 1.8 lain band is evident in all cases (although greatly reduced in intensity in the OOH007 spectrum), as is the O-H stretching feature in the 3.3-3.4 lam region, although this fi:ature is generally not resolvable into two distinct bands in reflectance. The OOH007 sample contains approximately equal amounts of pyrophyllite and diaspore mid its spectrum exhibits features attributable to both phases [CrowIcy, 1984] . The presence of accessory phases, particularly hematite, is probably the main cause of the lower overall reflectance of the other samples and the reflectance decrease toward shorter wavelengths. These spectra also exhibit the more "conventional" OH absorption band in the 2.7-2.8 lam region which is not characteristic of diaspore but is consistent with the accessory phases present in these samples, such as kaolinite and other hydrated silicates. Diaspore spectral features are also evident in transmission spectra of other diaspore-rich bauxite ores [St,'}aridet al., 1976] .
The most characteristic spectral features of diaspore are the two absorption bands located near 3.33 and 3.41 lam, which are related to the unique structural elements of this mineral. Some of the other bands, which are also quite distinctive (such as the 1.8 gm band), are weaker and hence could more readily be "masked" by accessory phases.
In order to address the possibility of detecting diaspore on the surface of Mars using reflectance spectroscopy, a number of diaspore+pyroxene and diaspore+palagonite mixtures were spectrally characterized. Reflectance spectra of a relatively unaltered orthopyroxene, diaspore OOH013, and intimate mixtures of 95% orthopyroxene + 5% diaspore OOH013, and 75% orthopyroxene + 25% diaspore OOH013 (all <•45 lam grain size) are shown in Figure 7 . It is worth noting how the presence of even small amounts of diaspore can drastically lower the reflectance of the pyroxene in the 3 to 4 ß R, reflectance spectral data; T, transmission spectral data. (Table 8) 
At longer wavelengths, goethite exhibits a broad absorption feature between 3.1 and 3.3 [tm attributable to O-H stretching vibrations
Manganite (MnO(Olt))
Manganite has a similar formula to diaspore and goethite but is not isostructural with them [Kostov, 1968] . However, it is much more common in nature than the isostmctura! form of (z-MnO ( At longer wavelengths, two bands due to O-H stretching are found, near 3.8 and 4.9 [tm (Table 9 ). These bands are equivalent to the two O-H stretching bands of goethite and diaspore but with a much larger separation due to the more distorted crystal structure of manganite [Cabannes-Ott, 1957]. The differences in band minima positions between the two grain sizes are probably attributable to the low overall reflectance, which suggests that these bands are saturated in the larger grain size and/or small amounts of accessory phases are present which are not apparent in the XRD data.
Discussion
The aluminum hydroxides and other metal hydroxides related to diaspore exhibit a wide range of spectral properties. The variations are a tBnction of both structural differences between the various hydroxides as well as differences in cation radii [Schwarzmann, 1962] . The wavelength position of the various O-H stretching fundamentals are dift•rent between the various aluminum hydroxides (Table 10) bands in diaspores is enhanced by dispersion of the diaspore in a spectrally "neutral" medium; in pyrophyllite in the case of sample OOH007 (Figure 4) , in KBr for transmission measurements ( Figure  5 ), or in orthopyroxene (Figure 8 ). In addition, the presence of iron hydroxides does not appear to appreciably affect the ability to discriminate the diaspore O-H stretching fundamental bands.
It appears that different metal hydroxides, particularly diaspore, possess sufficient spectral uniqueness to permit their identification in reflectance spectra. When coupled with the fact that these minerals fBrm under a variety of restrictive conditions (see below), spectral detection of specific metal hydroxides enables constraints to be placed on geological histories of targets.
Diaspore is currently not a major aluminum ore because other almninum hydroxides, such as bOhmite and gibbsitc, are more easily processed. Diaspore requires more aggressive treatments (such as higher temperatures) than other aluminum hydroxides to extract the metal. This processing consideration translates into enhanced stability ofdiaspore relative to other aluminum hydroxides which has implications fbr its survival on the surface of Mars as discussed below.
Formation Conditions and Stability of Diaspore
Surticial deposits of Al hydroxides are widespread across the Earth's surface [e.g., Jacob, 1984] . Bauxite deposits (defined as those deposits containing >50% oxides and hydroxides of AI, Fe, and Ti, with AI minerals being more abundant than the minerals of the other two elements combined) normally contain one or more of gibbsitc, bOhmite, and diaspore as the main A1 hydroxides [e.g., Bclrdossy and Aleva, 1990]. Diaspore is found in a great number of deposits which are otherwise composed almost entirely of the other two main AI hydroxides, in abundances up to 4% [Bclrdossy and Aleva, 1990]. The most important factors that seem to affect the formation of bauxite include climate, pH and Eh of percolating water, the amount of percolating water, rate of percolation, temperature, composition, and permeability of the host and precursor rocks, and topography. The AI hydroxides are invariably concentrated in the uppermost layers of a deposit, due to the fact that they are a residual weathering product, and leaching and percolation of rainwater operate most effectively at the CO2-rich water also seems to promote the formation of diaspore over gibbsite [Allen, 1935] . Small changes in Eh will trigger the formation of either diaspore or bOhmite or both at the same time [Bcirdossy, 1982] .
Water is necessary for effecting hydrolysis of anhydrous minerals prior to dissolution and for transporting dissolved elements away from the site of dissolution. A high degree of permeability and intense and sustained percolation by water are also necessary for removing mobilized elements from the site of dissolution prior to their reprecipitation [Keller, 1964] . The most aluminum hydroxide-rich parts of a bauxite deposit are commonly found in the areas of most intense groundwater percolation; these are also the zones which are frequently enriched in diaspore relative to the other A1 hydroxides [Bdrdossy, 1982; Keller and Stevens, 1983] . Diaspore is often found in the highest concentrations in deposits which have experienced the most desilication; these zones again corresponding to areas with the best drainage and hence most intense percolation [Nia, 1968 [Nia, , 1969 Bcirdos, sy, 1982; Keller and Stevens, 1983] . Given the fact that bauxite formation is a surface weathering process, the source of the water is precipitation in liquid form (i.e., rain).
Formation of aluminum hydroxides in colder, more arid, or glacial/periglacial environments would be hampered by two main fhctors: low temperatures and/or the paucity of liquid water. Liquid water is required to permit sufficient percolation, leaching, and transport of dissolved ions. Low temperatures also result in lower dissolution rates for all rock types except carbonates. In such environments physical weathering dmninates over chemical weathering [Ugolini, 1986] The formation of AI monohydrates such as diaspore and bOhmite from AI trihydrates such as gibbsitc is dependent on the vapor pressure of water, with low pressures favoring the former phases [Kennedy, 1959; Wayman, 1963] . Diaspore has also been found to form directly from the breakdown of clay minerals [Allen, 1935; Kennedy, 1959] as well as from the dehydroxylation of bOhmite in areas with "opti•num" drainage [Valeton, 1972] and conversion from gibbsitc [Allen, 1935] . h•creasing temperature also results in increasing rates of dissolution of most elements, but this is not a necessary condition if enough time is available tbr percolation and leaching to occur. The conditions which seem to favor diaspore formation, versus other A1 hydroxides, are parental kaolinitc, and continuous hydrolysis without periods of drying [Keller et al., 1954] . 
Implications for Diaspore on Mars
Diaspore is a plausible candidate for comprising some portion of the Martian surface on the basis of a number of criteria. The most i•nportant requirements for its formation (described above) include an almninmn-beafing precursor, intense percolation of water, good drainage, and moderate pH. Direct analysis of Martian surface materials indicates that alumithat diaspore is the only stable AI monohydrate; the presence of num is present in rocks and mils at abundances of between 7 and 10% bOhmite with or without diaspore being due to the fact that the conversion of bOhmite to diaspore is exceedingly slow [Kennedy, 1959;  ]. This suggests that the kinetic inhibitions to diaspore formation can be overcome over geological timescales. The conversion process can be accelerated if intense percolation and leaching can be maintained, as evidenced by the fact that diaspore is commonly concentrated in the most well-drained parts of a deposit [Kennedy, 1959 Valeton, 1972] . While no terrestrial diaspore deposits have been linked to formation by hydrothermal activity, this does not preclude such a connection. In the case of Mars, hydrothermal activity may be the tnechanistn promoting the circulation of water. The evidence for widespread heat sources on Mars and the probability of a porous regolith certainly suggest that hydrothermal formation of diaspore on Mars is possible.
Whether regimes of intense and prolonged water circulation were attained on Mars in the past is not well constrained [e.g., Carr, 1996]. Based on analogies with terrestrial diaspore deposits, any hydrothermal activity would need to be prolonged, relatively stable, and relatively low temperature. If diaspore did form at depth, this material would need to become exposed at the surface for detection by spectrophotometry.
One of the conditions favoring diaspore formation, through selective dissolution of more mobile elements, is a pH of between -4 and 9 [B•irdossy andAleva, 1990]. There are a number of arguments which can be invoked to increase or decrease the pH of groundwater on Mars. Simple weathering of basalts results in an increase in the pH of the water in contact with the rock [Carroll, 1970] Terrestrial diaspore deposits are widespread and many of them cover areas ranging up to tens or hundreds of square kilometers [B•irdossy, 1982] . If such deposits formed on Mars via similar processes and were exposed at the surface, they should be detectable in Earth-based high spatial resolution near-infrared spectra, primarily through the existence of the diagnostic bands in the 3 to 4 lam region (Table 10) .
Interestingly, diaspore and other AI hydroxides would not be particularly detectable from remote sensing observations at visible or thermal infrared wavelengths, because of their relative lack of diagnostic spectral features at those wavelengths. It appears that for diaspore and other pure A1 hydroxide minerals, the optimum spectral region for detectability and characterization is in the near infrared, specifically in the 3 to 4 lam region. The diaspore absorption band near 1.8 lam would only be detectable at higher diaspore abundances than the 3. ing bands are in a wavelength region accessible by Earth-based and/or Mars orbital imaging spectrometers. The presence of diaspore intimately mixed with basaltic minerals such as pyroxene, or basaltic weathering products (i.e., palagonite) should be detectable in highquality spectra for diaspore abundances at least as low as 5 wt %.
All of the conditions which appear to promote the formation of diaspore on the Earth and which are associated with terrestrial diaspore deposits, may have existed on Mars in the past. The source of the liquid water which would have been necessary for diaspore formation on Mars cannot be uniquely determined at present, but based on the kinown and presumed formation conditions of terrestrial deposits, and the f3.ct that diaspore is a surface weathering product, precipitation and/or intense subsurface percolation are the most likely source(s) of this water. Given that diaspore is a surficial weathering product formed from aluminum-beating precursor rocks and is both mechanically and chemically resistant to further erosion, it seems likely that if diaspore did tbrm earlier in Mars' history, such deposits would likely persist to the present tithe and could be areally extensive enough to be detected by near-infrared remote sensing observations.
